We report on deep, coordinated radio and X-ray observations of the black hole X-ray binary XTE J1118+480 in quiescence. The source was observed with the Karl G. Jansky Very Large Array for a total of 17.5 hrs at 5.3 GHz, yielding a 4.8±1.4 µJy radio source at a position consistent with the binary system. At a distance of 1.7 kpc, this corresponds to an integrated radio luminosity between 4-8 ×10 25 erg s −1 , depending on the spectral index. This is the lowest radio luminosity measured for any accreting black hole to date. Simultaneous observations with the Chandra X-ray Telescope detected XTE J1118+480 at 1.2 × 10 −14 erg s −1 cm −2 (1-10 keV), corresponding to an Eddington ratio of ∼4 × 10 −9 for a 7.5 M black hole. Combining these new measurements with data from the 2005 and 2000 outbursts available in the literature, we find evidence for a relationship of the form r =α+β X (where denotes logarithmic luminosities), with β = 0.72 ± 0.09. XTE J1118+480 is thus the third system -together with GX339-4 and V404 Cyg -for which a tight, non-linear radio/X-ray correlation has been reported over more than 5 dex in X . Confirming previous results, we find no evidence for a dependence of the correlation normalisation of an individual system on orbital parameters, relativistic boosting, reported black hole spin and/or black hole mass. We then perform a clustering and linear regression analysis on what is arguably the most up-to-date collection of coordinated radio and X-ray luminosity measurements from quiescent and hard state black hole X-ray binaries, including 24 systems. At variance with previous results, a two-cluster description is statistically preferred only for random errors < ∼ 0.3 dex in both r and X , a level which we argue can be easily reached when the known spectral shape/distance uncertainties and intrinsic variability are accounted for. A linear regression analysis performed on the whole data set returns a best-fitting slope β = 0.61 ± 0.03 and intrinsic scatter σ 0 = 0.31 ± 0.03 dex.
nection between accretion and the production of relativistic jets in these systems. A tight and repeating non-linear correlation between the radio and X-ray luminosity, of the form r=α+β X(where denotes logarithmic values), with β 0.7, was first established for the BHB GX339-4 in the hard state by Corbel et al. (2003 , see also Corbel et al. 2000 Hannikainen et al. 1998) , and later confirmed with data from 7 outbursts over a period of 15 yr . Shortly afterward, Gallo, Fender & Pooley (2003) reported that the same relation was exhibited by the BHB V404 Cyg (see Corbel, Körding & Kaaret 2008 for an update), and that quasisimultaneous radio and X-ray luminosity measurements for 8 more hard state systems (albeit each spanning quite a limited dynamic range compared to GX339-4 and V404 Cyg) were consistent with the same scaling, arguing for a 'universal' scaling relation holding all the way from X-ray Eddington ratios (LX/L Edd ) as low as 10 −5 up to 10 −2 , above which the radio emission from the steady jet is suppressed (Fender et al. 1999; Russell et al. 2011) .
The non-linearity of the correlation is consistent with scaleinvariant jet models where a flat-spectrum, partially self-absorbed jet is coupled to radiatively inefficient accretion, yielding a scaling of the X-ray luminosity with the second power of the accretion rate (Falcke & Biermann 1995; Heinz & Sunyaev 2003; Markoff et al. 2003) . The simultaneous radio/X-ray detection of A0620-00 at LX/L Edd 10 −8.5 (Gallo et al. 2006) seemed to confirm that the correlation extends down to very low quiescent luminosities, with no obvious break (such as predicted by Yuan & Cui 2005) .
Since, the universality of the radio/X-ray correlation for BHBs has been called into question. New observations of known sources, along with newly discovered ones, have resulted in an increasingly large number of outliers lying well outside the scatter about the previously established best-fitting relation (Corbel et al. 2004; Brocksopp et al. 2005; Cadolle Bel et al. 2007; Rodriguez et al. 2007; Gallo et al. 2007; Xue & Cui 2007; Jonker et al. 2010; Coriat et al. 2011; Soleri & Fender 2011; Soria et al. 2011; Ratti et al. 2012; Brocksopp et al. 2013) . In Gallo, Miller & Fender (2012, GMF12 hereafter) , making use of state of the art data clustering algorithms, we showed that a dual cluster model, with independent linear fits (in log space), was a significant improvement over fitting all points from 18 BHBs as a single cluster. The fact that the lower track appears to populate the high-luminosity end of the radio/Xray plane is not necessarily dictated by sensitivity limitations, as there is tentative evidence for as many as 3 sources jumping from the lower to the higher track as they fade towards quiescence (i.e., H 1743−322, MAXI J1659−152 and Swift J1357.2−0933; see respectively Jonker et al. 2010, 2012 and Kolehmainen et al., in prep.) . This behaviour has been interpreted as indicative of radiatively efficient accretion taking place in the hard state in some sources during the first phases of an outburst decline (Coriat et al. 2011) , possibly due to the transient emergence of a cool accretion disc in the very innermost region of an otherwise inefficient accretion flow (Meyer-Hofmeister & Meyer 2014) .
With A0620-00 being the only anchor of the upper track in the truly quiescent regime (i.e. LX/L Edd 10 −8.5 ), however, additional constraints from quiescent sources are highly desirable to further probe the demographics of the radio/X-ray luminosity plane BHBs, and its physical interpretation. With this goal in mind, Miller-Jones et al. (2011) set out to carry out a deep radio survey of low X-ray luminosity systems with the upgraded Karl G. Jansky Very Large Array (VLA; see also Calvelo et al. 2010 ). Out Figure 1 . Karl G. Jansky VLA image of the field of view of XTE J1118+480. The colour scale runs from 4 to 10 µJy beam −1 , and the contours at ±2×( √ 2) n times the rms noise level of 1.36 µJy beam −1 . The known Very-Long-Baseline Interferometry (VLBI) position of the BHB system (Mirabel et al. 2001 ) is marked by a cross.
of a handful of truly quiescent sources that were targeted -with distances ranging from 1.8 to 9.6 kpc -only one yielded a > 2σ radio detection. While not formally significant, the measured radio brightness at the known source position of XTE J1118+480 was 6.4 ± 2.6 µJy/beam. This system, hosting a dynamically confirmed black hole accretor at a distance of 1.7±0.1 kpc (Gelino et al. 2006 ; however, see § 5 for caveats related to the quoted distance uncertainty), has been in quiescence since the end of its 2005 outburst (Zurita et al. 2006) . Sensitive X-ray observations in quiescence, with the Chandra X-ray Telescope, date back to 2002 January, about 2 years after the decay from its previous outburst, in 2000 (Chaty et al. 2003 . In 2002, the source was detected at LX 3.5 × 10 30 erg s −1 or 10 −8.5 times its Eddington luminosity (for a black hole mass between 6.9 and 8.2 M ; Khargharia et al. 2013 ). The composite optical-UV-X-ray spectrum, obtained via simultaneous Multiple Mirror Telescope and Hubble Space Telescope observations, was interpreted in the context of an advection dominated accretion flow model, with a transition radius of about 10 4 Schwarzschild radii (McClintock et al. 2003) . However, the lack of coordinated radio/IR coverage represented a severe limitation to the interpretation of the system's Spectral Energy Distribution (SED) .
In this paper, we report on new, deep, coordinated Chandra and VLA observations of XTE J1118+480, i.e. one of less than a handful of known sources for which we could realistically hope to either secure a simultaneous radio/X-ray detection or make use of deeper upper limits to constrain the slope of the empirical radio/X-ray relation down to the lowest measurable luminosities. In a companion paper (Plotkin et al., submitted) , we report on optical and infrared observations simultaneous to the VLA and Chandra observations presented here, and discuss a possible interpretation of the system's broadband SED in quiescence in the contest of radiative jet model, along with its implications for constraining the jet acceleration across different regimes.
OBSERVATIONS AND DATA REDUCTION

Karl G. Jansky Very Large Array
In order to confirm the marginal-significance detection of MillerJones et al. (2011) , we required a significantly lower noise level. We observed XTE J1118+480 with the Karl G. Jansky VLA on 2013 June 27 and 28 (MJD 56471 and 56472), for 7.5 h on each day (0830-1600 LST). We observed in full polarization mode with two overlapping 1024-MHz basebands, centered at frequencies of 4.8 and 5.8 GHz. Each baseband was composed of eight contiguous 128-MHz sub-bands, each comprising sixty-four 2 MHz spectral channels. The array was in the relatively compact C configuration, giving an angular resolution of ∼ 4 arcsec. A power outage at the VLA site caused us to lose 2 h of observation on June 28th, leaving us a total of 11.3 h of time on source. We offset the pointing position by 7 arcsec (2 synthesised beams) from the known VLBI position of XTE J1118+480 (Mirabel et al. 2001) , to prevent artifacts generated at the phase center by correlation errors from creating a spurious source.
3C 286 was used as both bandpass and amplitude calibrator, and the secondary calibrator was J1126+4516, a 0.4-Jy source located 3.2
• away from the target, XTE J1118+480. We reduced and imaged the data with the Common Astronomy Software Application (CASA) v4.1.0, using standard procedures. The data were Hanning smoothed, and then edited to remove radio frequency interference. Bandpass calibration was carried out before the amplitude and phase gains were derived for both calibrator sources, using the 'Perley-Butler 2010' coefficients within the CASA task SETJY to set the amplitude scale (Perley & Butler 2013) . The complex gain solutions derived for the secondary calibrator were interpolated to the target source, before averaging the resulting calibrated data by a factor of three in frequency to reduce the data volume. Imaging and self-calibration were then performed separately for each day's observations. The data were imaged out to 15 arcmin, well beyond the distance to the half-power point of the primary beam. We used Briggs weighting (robust=1) as a compromise between sensitivity and suppression of side-lobes from bright sources elsewhere in the field. We used the w-projection algorithm to prevent phase errors due to sky curvature from affecting our deconvolution, and modelled the sky frequency dependence using two Taylor terms. The brightest confusing source in the field was NVSS J111820+475659, with a flux density (without primary beam correction) of 4.3 mJy beam −1 . There was sufficient emission in the field to perform self-calibration, initially solving only for phases, and then for amplitude and phase, down to solution intervals of 1 and 5 minutes, respectively. For the shorter solution intervals, data from all spectral windows were combined prior to solving for the time-dependent gains, to provide sufficient signal-to-noise to give robust solutions. Finally, we combined the two self-calibrated data sets to provide the deepest possible image (shown in Figure  1 ), reaching an rms noise level of 1.45 µJy beam −1 . A 3.2σ peak was detected 0.59 arcsec from the predicted source position (taking into account the expected proper motion measured by Mirabel et al. 2001) , well within the beamsize of 4.2 × 4.0 arcsec 2 . To improve the significance of the detection, we then combined our new data from 2013 June with archival data from 2010 November, providing an extra 2.4 h of time on source. This reduced the noise level to 1.36 µJy beam −1 in the region around the target. Fitting the emission at the target position with a point source in the im- 30  32  34  36  38  40   26   28   30   32 log(L X erg s Table 1 for a complete list of the best-fitting parameters.
age plane gave a flux density of 4.79 ± 1.45 µJy beam −1 , where the quoted uncertainty represents the rms noise added in quadrature to the uncertainty on the point source fit. Approximating the integrated radio luminosity as the monochromatic luminosity multiplied by the observing frequency, this corresponds to a radio luminosity Lr= 8.3 × 10 25 erg s −1 . This assumes a flat radio spectrum and a minimum synchrotron emitting frequency much smaller than the observing frequency, though the former assumption is violated by some hard state black hole X-ray binaries; e.g., if a spectral index a = +0.5 is assumed (where the flux density scales as Sν ∝ ν +a ), the resulting integrated radio luminosity is factor about 2 lower.
Chandra X-ray Telescope
XTE J1118+480 was observed with Chandra ACIS-S on 2013 June 27 (PI: Gallo; ObsId 14630); the data were telemetered in Very Faint (VF) mode, with a high-energy cutoff at 13 keV, and analyzed with the Chandra Interactive Analysis of Observations (CIAO) software, v4.5. Event files were reprocessed with the CIAO script CHANDRA REPRO. No flares were detected in the background light curve, yielding a net exposure time of 58 ks. The analysis described below was carried out between 0.5-7 keV, where the instrument is best calibrated.
An X-ray source was clearly detected at a position consistent with XTE J1118+480; in order to estimate bounds to the source net count rate and energy flux, we made use of the newly-developed CIAO script APRATES, which employs Bayesian statistics to compute the posterior probability distribution for the source intensity assuming non-informative priors. Source and background parameters were extracted from a circular region with a 2 arcsec radius and an annulus of inner and outer radius of 10 and 30 arcsec respectively, both centered at the X-ray source peak position. First, we simulated the source and background Point Spread Function (PSF) with the Chandra Ray Tracer (CHART), using the source and background spectra as extracted from the SPECEX-TRACT script as an input. The PSF event files were then created by projecting the ChaRT output onto the detector plane using the MARX software (v4.5). The observation exposure map was generated with the FLUX IMAGE CIAO script. To estimate net counts, APRATES requires the following inputs: the source/background region counts and areas (134/358 counts; 116.8/10382.7 pixels); the PSF fraction in the source aperture (0.953) and the PSF fraction in the background aperture (0.029). These inputs yield a net count rate of 2.26×10 −3 cps, with the 90 per cent confidence region extending from 1.93-2.59×10 −3 cps. The net energy flux can be estimated using the exposure map to set the average photon energies in the source and background apertures; this gives a 0.5-7 keV absorbed flux of 1.44×10 −14 erg s −1 cm −2 , with 90 per cent confidence bounds between 1.22 and 1.66×10 −14 erg s −1 cm −2 . Assuming the standard value of 1.3×10 20 cm −2 for the Galactic hydrogen equivalent column towards XTE J1118+480 (McClintock et al. 2001a; Reis, Miller & Fabian 2009) , and a power law spectrum with photon index Γ = 2.1 (typical of quiescent black hole X-ray binaries; Plotkin, Gallo & Jonker 2013) , this corresponds to an unabsorbed 1-10 keV (to allow for a proper comparison with Corbel et al. 2013) 
XTE J1118+480 IN THE RADIO/X-RAY DOMAIN
Radio emission from black hole X-ray binaries is generally interpreted as arising from relativistic outflows (Fender 2006 and references therein) . In the case of extremely low flux density, however, it is worth considering if the radio emission could arise from a background source, or, alternatively, coronal emission from the companion star in the binary system. As for A0620-00 (Gallo et al. 2006) , we quantify the probability that the detected radio source is extragalactic in origin using the catalogue of published source counts at 1.4 GHz by Huynh et al. (2005) . Using a minimum flux density of 10.7 µJy, which is the 1.4 GHz flux density corresponding to 4.8 µJy at 5.3 GHz for a nonthermal spectrum with index a = −0.6, and integrating their equation 12 up to 1000 mJy, yields a probability of 7 × 10 −3 of having an extragalactic background source within the same distance of the predicted position as the detected radio source (0.59 arcsec). The probability decreases to 8 × 10 −4 if the distance between the measured X-ray position and the detected radio source is considered (0.2 arcsec).
The radio luminosity of a coronally active star depends on its spectral type and rotation period, with generally brighter radio emission for longer rotation periods (this is true for a fixed radius; Drake, Simon & Linsky 1989) . The star in XTE J1118+480, which is of spectral type between K5V and K8 (McClintock et al. 2001b; Wagner et al. 2001; Torres et al. 2004) , is rotating on the orbital period of 4.08 hr since the orbit is tidally locked. In the catalog of coronally active RS CVn stars of Drake, Simon & Linsky (1989) , the most luminous system with a rotation period of < ∼ 10 days, and containing a K5-8 star, would be 1.04±0.06 µJy (at 5 GHz) at a distance of 1.7 kpc. The average radio luminosity of the sample of K5-M1, active RS CVn stars would yield a (5 GHz) flux density of ∼0.4. We can therefore conclude that the radio emission from XTE J1118+480 is a factor of at least 4 too bright to originate from the corona of the companion, even if the star is coronally active. For the remainder of the paper, we shall assume a jet origin for the detected radio emission from XTE J1118+480.
Next, we compile data from the literature to investigate the behaviour of XTE J1118+480 in the radio/X-ray luminosity plane over different outbursts, and compare it with that of two wellstudied sources; GX339-4 and V404 Cyg (see Figure 2 ). For XTE J1118+480 (shown as filled blue circles in Figure 2 ), we combine hard state observations from the 2000 outburst (data from Hynes et al. 2000 and Fender 2001 ; these were already included in Gallo, Fender & Pooley 2003 and GMF12) , the new VLA/Chandra observations discussed above, plus new data covering the 2005 outburst as reported by Brocksopp et al. (2010) and Dunn et al. (2010;  for clarity, the 2005 outburst data are encircled by blue open diamonds in Figure 2 ), as follows. The observed 4.7 GHz radio flux densities reported by Brocksopp et al. are converted to radio luminosities at 5 GHz (the standard frequency adopted for the compilation of sources) assuming a flat spectrum at all frequencies below 5 GHz, and adopting a distance of 1.7 kpc. X-ray fluxes of XTE J1118+480 were obtained during the 2005 outburst with the Rossi X-ray Timing Explorer. We take the 3-10 keV fluxes reported in Dunn et al. and convert them to 1-10 keV fluxes assuming a photon index of Γ = 1.6 (a typical value for BHBs in the hard state, see, e.g., McClintock & Remillard 2006) . Lastly, the 1-10 keV fluxes are converted to X-ray luminosities again adopting a distance 1.7 kpc. On eight dates during the outburst decay, radio (4.7 GHz) and X-ray data were taken within 1.0 days of each other. With the addition of the 2000 outburst data Fender 2001) , and the 2013 quiescent detection reported above, this new data set covers as broad a dynamic range as GX339-4 (Corbel
Figure 3. Shown are nearly-simultaneous radio and X-ray luminosity measurements for 24 hard and quiescent state black hole X-ray binaries, taken from GMF12 plus Corbel et al.(2013) . Standardized x:y coordinates are obtained starting from initial radio and X-ray luminosity data set by i) taking the logarithm; ii) subtracting the mean, and iii) dividing by the standard deviation. We then adopt the Bayesian modeling package LINMIX ERR (Kelly 2007) to investigate the presence of a linear relation of the form ( r−29) = α + β ( X−35) for XTE J1118+480, with intrinsic random scatter σ0 and radio upper limits included in the fitting. The most likely (hereafter referred to as best-fitting) parameters are estimated as the median of 10,000 draws from the posterior distribution. Quoted 1σ errors correspond to the 16 th and 84 th percentiles. In order to explore the quantitative influence of random errors (due to e.g. measurement errors, lack of strict simultaneity, model dependent count-rate-to-flux conversions, intrinsic variability, etc.), we run the regression analysis assuming uncorrelated uncertainties on both r and X of both 0.15 and 0.3 dex (in the case of XTE J1118+480, random errors are likely to dominate over systematic errors caused by distance uncertainties). The bestfitting slope is β = 0.72±0.04/0.09, where the quoted error corresponds to the case of 0.15/0.3 uncertainties on the log-luminosities. XTE J1118+480 is thus is the third system -in addition to GX339-4 and V404 Cyg -for which a strong non linear LX:Lr correlation has been reported over a broad dynamic range. Figure 2 also shows a comparison of the the best-fitting slopes estimated by LIN-MIX ERR for the three sources (see Table 1 for a complete list of the best-fitting parameters).
Unlike for XTE J1118+480 and V404 Cyg, whose distances are established to within 15-20 per cent accuracy (as detailed in § 5), the distance to GX339-4 is poorly constrained, with 6.7 (Zdziarski et al. 2004 ), corresponding to a factor of up to 2 in luminosity. It is worth noting though that distance uncertainties can not be modelled as uncorrelated errors, as they have the effect of shifting data points for a specific system along the LX∝Lr plane, rather than randomizing the measurements. All considered, 0.3 dex, or a factor ∼2 in luminosity seems to be a fair representation of the observed short-term radio and X-ray luminosity variability for hard and quiescent state black hole X-ray binaries (Garcia et al. 2001; Gallo et al. 2006; Gallo et al. 2007; Hynes et al. 2003a Hynes et al. , 2004 Hynes et al. , 2006 Hynes et al. , 2009 Bradley et al. 2007; Miller-Jones et al. 2008; Bernardini & Cackett 2014 ; notice that σ 0.15 dex was adopted in previous works, e.g. Corbel et al. 2013) , and it also accounts for the uncertainties in the slope of the partially self-absorbed radio jet (often assumed as flat; please see § 5 for a quantitative discussion).
CLUSTERING AND LINEAR REGRESSION ANALYSIS
We undertake a formal clustering analysis to characterize different groupings within the radio/X-ray domain of BHBs. In addition to the new data points for XTE J1118+480, the full data set is comprised of the GMF12 plus Corbel et al. (2013) data, including 24 hard and quiescent state black hole X-ray binary systems, for a total of 247 radio and X-ray detections (the BHB Cyg X-1 is omitted from the analysis at this stage; a separate analysis including Cyg Xis presented in § 4.1). First, the axes are normalised to standardized x:y coordinates, as described in Section 3 of GMF12 (see Figure  3) . The rotated variables are scaled to unit variance, to ensure comparable dynamic range along both axes. We run the clustering al- Taken at face-value, all methods indicate that, qualitatively, a two cluster model provides a better representation of the data. However, as discussed below, the quantitative results of the clustering analysis are inconclusive. Firstly, the inferred cluster membership is model-dependent, and thus not robust; for example, shown in Figure 3 are the groupings identified by PAM (left) and HYBRIDHCLUST (right). Although both algorithms identify two clusters, they return somewhat different splits about the y = 0 axis. The reader is referred to Sections 3.1 and 3.2 in GMF12 for a detailed description of the different methods; here we stress that the main difference between PAM and HYBRIDHCLUST is that the former is a classical partitioning method that separates the data in k clusters, where k is an input parameter, whereas the latter identifies a top-down clustering diagram with no a priori partition. For comparison, the top left inset of the left panel in Figure 4 illustrates the groupings as identified by the 'affinity propagation' algorithm APCLUSTER (Frey & Dueck 2007) . The advantage of this method, which is known to outperform the most sophisticated k-means clustering algorithms (such as PAM), is that its results do not depend on the initial choice for the subset of points that are first considered as candidate cluster centre (also known as exemplar). The left panel of Figure 4 allows to visualize the grouping identified via affinity-propagation in the original r: X plane (for clarity, XTE J1118+480's data points are highlighted by blue filled circles, with the 2005 outburst enclosed by blue open diamonds, as in Figure 2 ). According to this method: i) the full BHB data set is best represented by two clusters; ii) the XTE J1118+480 data are split into two tracks, with the 2005 outburst decay and the quiescent detection points belonging to the lower track (in cyan); iii) A0620-00, i.e. the only other truly quiescent simultaneous radio/X-ray detection beside XTE J1118+480, is identified instead as belonging to the higher track. In terms of cluster members, the results of AP-CLUSTER ( We have shown that different clustering algorithms applied to this new data set identify somewhat different cluster memberships; this was not the case with the data set analyzed in , where inconsistency between the various cluster memberships were only identified down the clustering tree, i.e. for more aggressive values of the preference value k (in the case of APCLUSTER) or for k > 2 (in the case of PAM). This means that the addition of new data points has washed out any robust 2-cluster partitioning in the radio/X-ray luminosity plane. Moreover, we show below that the main result that the data are best represented by two clusters (regardless of membership) depends critically on the assumptions of the size of random errors. In order to quantify this effect, we randomly scrambled all data points with Results of the linear regression analysis on the black hole X-ray binaries in the radio/X-ray luminosity domain. A total of 24 systems are included; the thick yellow line represents the best-fitting relation (see Table 1 and text for details on the fitting procedure), to be compared with the upper and lower tracks identified by GMF12 (dashed-dotted gray lines), adopting the same methodology on a smaller data set (18 systems). Also highlighted are the best-fitting relations for V404 Cyg (dotted green line), GX339-4 (dotted orange line) and XTE J1118+480 (blue dotted line). The two right panels compare the outcomes of the Bayesian fitting routine: shown are 500 draws of the posterior distributions for the slope vs. intrinsic scatter (top) and slope vs. intercept (bottom) for the individual sources and the full sample, according the colour scheme of the left panel. Regardless of how well (or poorly) constrained the slope and intercept are for the individual sources, the best-fitting intrinsic scatter is highest for the full data set, with σ 0 = 0.31 ± 0.03. Quoted best-fitting values are estimated as the median of 10,000 (as opposed to 500) draws, and 1σ errors correspond to the 16 th and 84 th percentiles.
Gaussian distributions of width σ = 0.15, 0.2, 0.25, 0.35 and 0.4 dex (as discussed in the previous Section, 0.3 dex is likely a better representation of the true random error for this data set than the typically assumed value of σ = 0.15). The six square panels on the right hand side of Figure 4 show the results of this exercise; firstly, though a two-cluster model is still preferred by the data after scrambling r and r with a Gaussian distribution of width σ up to 0.3 dex, the actual partitioning function is not constant. Most notably, the two cluster exemplars change dramatically between σ = 0.25 and σ = 0.3. Secondly, the bottom cluster becomes more populated than the top cluster for σ = 0.3, whereas the opposite is true for σ up to 0.25 (visually, this corresponds to a colour reversal between the σ = 0.15, 0.2, 0.25 panels and the σ = 0.3 panel, as red identifies the largest cluster). Finally, APCLUSTER fails to identify any sub-cluster for σ higher than 0.3. In summary, to the extent that we can rely on clustering algorithms that do not account for upper limits, distance uncertainties and random errors < ∼ 0.3 dex, a two cluster model offers a better representation of the black hole X-ray binary data set. Inclusion of random errors of 0.35 dex in both radio and X-ray luminosity has the effect of washing out any statistically significant partitioning for this expanded (with respect to GMF12) dataset.
Since the clustering analysis results are far from being unique, we abstain from performing regression analysis on given subclusters. The validity of a single scaling relation was investigated for the full data set (including upper limits) adopting the same formalism as outlined in the previous Section, with centring on the median luminosities ( X,c = 35 and r,c = 29). Figure 5 shows the results of the Bayesian linear regression analysis on the full data set (in yellow) vs. individual sources (same colours as in Figure 2) , also in comparison to the upper and lower track identified by GMF12 (shown as grey dash-dotted lines). The right panels illustrate the posterior distribution of the slope (β), intercept (α) and intrinsic scatter (σ0), with the latter (σ0 = 0.31 ± 0.03) being significantly larger than for the individual sources. The best-fitting slope is β = 0.61±0.03; see Table 1 for a full list of the best-fitting parameters.
Cyg X-1
The BHB Cyg X-1 has been the target of daily, simultaneous radio and X-ray coverage, with the Ryle telescope at 15 GHz and the All Sky Monitor aboard the Rossi X-ray Timing Explorer, between 1996 January and 2003 January (see figure 3 in Gallo, Fender & Pooley 2003 , and references therein, for details). As a result, this system alone totals over 1000 hard state data points 1 from dailyaveraged fluxes, i.e. more than four times the entire data set discussed above. These are shown as grey circles in Figure 4 . While Cyg X-1 can be considered as a peculiar system for a variety of reasons (for example, it comprises a high mass companion, and never fully reaches the soft, thermal dominant state as other sources), none of them is likely to alter the interplay between the radio emission from the compact jet and the X-ray emission from the inner accretion flow in any fundamental way. In other words, there is no good reason for Cyg X-1 to be omitted from our analysis other than practical purposes, in that the number of available data points for this system greatly exceeds that of the other 24 sources combined.
Admittedly, though, the Cyg X-1 data were excluded from the sample discussed in GFM12. Partially to remedy this omission, here we repeat the clustering analysis for a total of 1276 detections for 25 hard state BHBs, inclusive of 1029 data points from Cyg X-1 (scaled to a distance of 1.86 kpc, from Reid et al. 2011 , and corrected for absorption as in Gallo, Fender & Pooley 2003) . The results are shown in Figure 6 ; not surprisingly, adding so many data points to the initial sample significantly alters the outcome of the clustering analysis. Nevertheless, APCLUST still identifies two main clusters within the standardized coordinate domain. The whole Cyg X-1 hard state data set is characterized as part of the bottom cluster (in red); for the other 24 systems, the main difference in terms of cluster membership with respect to the analysis conducted above (Figure 4) is that a significant fraction of the highest radio and X-ray luminosity data points, corresponding to the top right region of the diagram, is now identified as part of the same cluster as Cyg X-1. Overall, this consolidates the argument for a 2-cluster description of the radio/X-ray domain of hard state BHBs as being somewhat arbitrary, in the sense that the actual cluster membership depends on a number of parameters, where sample selection adds to distance uncertainties, errors and (in some cases) lack of strict simultaneity.
SUMMARY AND DISCUSSION
Coordinated radio and X-ray monitoring of hard state black hole X-ray binaries has long been advocated as a powerful observational Figure  4 , now including additional 1029 data points from the hard state of the high mass X-ray binary Cyg X-1. Although APCLUST still identifies two main clusters within the radio/X-ray luminosity domain, the actual cluster membership appears significantly different from the left panel of Figure 4 , where Cyg X-1 was excluded. Most notably, the whole Cyg X-1 data set is part of the bottom cluster (in red), along with a sizable fraction of the data points from the other 24 sources that -with Cyg X-1 omitted from the analysiswere instead assigned to the top cluster in Figure 4 .
tool for investigating the interplay between radiatively inefficient accretion and the production of steady compact jets in accreting black holes. Over the last decade or so, several groups have collected an impressive amount of data, a large fraction of them being included in this work. With the exclusion of Cyg X-1, the sample discussed here is comprised of 24 black hole X-ray binaries, for a total of 265 data points, including 247 detections and 18 upper limits. The most relevant addition compared to previous works is represented by the simultaneous radio/X-ray detection of the nearby, virtually unabsorbed black hole candidate in XTE J1118+480, at about 4 × 10 −9 times its X-ray Eddington luminosity. The quiescent radio counter-part was detected, for the first time, at a level of 4.79 ± 1.45 µJy beam −1 . At a distance of 1.7 kpc, this corresponds to a monochromatic luminosity of 1.67 × 10 16 erg s
With the addition of XTE J1118+480, a tight (i.e., with inferred intrinsic scatter < ∼ 0.1) correlation of the form r=α+β X has now been established for three systems, where X-ray luminosities are quoted over the 1-10 keV range, and radio luminosities are integrated up to 5 GHz assuming a flat radio spectrum (see Table 1 and Figure 2) . Adopting a Bayesian regression model (Kelly 2007) , and assuming errors of 0.3 dex in both r and X, the best-fitting slopes are: β = 0.62 ± 0.04 for GX339-4 (consistent with the value 0.62 ± 0.01 reported by Corbel et al. 2013) ; β = 0.52 ± 0.07 for V404 Cyg (consistent with the value 0.51 ± 0.06 reported by Corbel, Körding & Kaaret 2008) , and β = 0.72 ± 0.09 for XTE J1118+480 (this work; largely based on 2005 data from Brocksopp et al. 2010 and Dunn et al. 2010) . Employing a variety of clustering analysis algorithms in order to establish whether a single or multiple cluster model better describes the full data set (24 systems) yields inconclusive results; while two clusters are readily identified by various algorithms, different algorithms identify somewhat different memberships. In addition, a two-cluster description is statistically robust for random errors < ∼ 0.3 dex (corresponding to a factor of ∼2 in luminosity); when the data are scrambled with a Gaussian distribution of 0.35 dex width, or larger, even the best-performing algorithm starts to return significantly different groupings, or fails to identify multiple clusters (see Figure 4) . This is in contrast with the results of GMF12, who identified a robust two-track partition with a data set comprised of 18 black hole X-ray binary systems for a total of 166 data points, indicating that the ∼50 per cent increase in the number of data points has washed out any statistically significant partition. A linear regression analysis performed on the whole data set returns a best-fitting slope β = 0.61 ± 0.03 and intrinsic scatter σ0 = 0.31 ± 0.03. Inclusion of over 1000 data points from long-term, simultaneous radio and X-ray monitoring of Cyg X-1 in the hard state does not affect the above conclusion qualitatively.
More than ten years after Corbel et al. (2003) reported on a tight non-linear radio/X-ray correlation in the hard state of GX339-4, and later V404 Cyg (Corbel, Körding & Kaaret 2008) , a third system is found to display a similar correlation over a broad dynamic range and over repeated outbursts, thereby strengthening the case for common underlying physics. A great deal of work has been done to ascertain the cause of the different normalisations among different systems. In particular, Soleri & Fender (2011) were able to account for the measured scatter to the radio/X-ray correlation by assuming random jet inclination angles which resulted in highly variable boosting at large Eddington ratios. Here, we adopt a similar approach to investigate whether the difference in normalisation between XTE J1118+480, GX339-4 and V404 Cyg may be due to Doppler boosting/de-boosting. In order to carry out a meaningful quantitative comparison, we first re-fit the three data sets by fixing the correlation slope to 0.6, i.e. the best-fitting value obtained for the whole data set. This yields the following values for the best-fitting normalisations: α0.6 = +0.44, +0.34, −0.13, for GX339-4, V404 Cyg and XTE J1118+480, respectively (where the centering was fixed at X=35.2 and r=29.2 and typical errors on the quoted slopes are close to 0.15). Thus, the inferred luminosity ratios range between 0.1 (GX339-4 to V404 Cyg) and ∼0.6 dex (GX339-4 to XTE J1118+480). We proceed by assuming that the X-ray emission is un-beamed, and that each system has similar jet properties and velocity profiles at a given X-ray luminosity. Then, the difference in radio normalisation attributed to Doppler beaming depends only on the orbital inclination of the system (assuming the jet axis is perpendicular to the orbital plane). Both XTE J1118+480 and V404 Cyg have well-determined orbital inclinations, of i = 68
• ± 2 • (Gelino et al. 2006 ; see also Khargharia et al. 2013 for a somewhat broader constraints and Farr et al. 2011; Kreidberg et al. 2012 for a comprehensive statistical analysis) and i = 67 Khargharia, Froning & Robinson 2010; Farr et al. 2011; Kreidberg et al. 2012) , respectively. The inclination of GX 339-4 is only known to be < ∼ 60
• (Cowley et al. 2002) , and we assume a range from 45−60
• here (see Zdziarski et al. 2004) . For a continuously replenished jet, the Doppler-boosted radio luminosity is Lr = δ 2 L r , where L is the un-beamed rest-frame radio luminosity, and δ is the Doppler factor (see, e.g., Mirabel & Rodríguez 1999) . The Doppler factor of each system's approaching and receding jet follows δ rec/app = Γ −1 (1 ± β cos θ) −1 , where β is the jet speed normalised to the speed of light, θ is the viewing angle (equal to the orbital inclination), and Γ = 1/ 1 − β 2 is the bulk Lorentz factor. Following Gallo, Fender & Pooley (2003) , owing to the unresolved nature of the radio emission in these systems we estimate the 'effective' Doppler factor as δ 2 radio = δ 2 app + δ 2 rec /2. This is shown in the top panel of Figure 7 for each system, as a function of jet speed β. In the bottom panel, we show the ratio of Doppler-boosted radio emission from V404 Cyg and GX 339-4 to XTE J1118+480, also as a function of β, to be compared with the measured normalisation ratios. The shaded region for GX 339-4 represents the expected range for plausible values due to its uncertain orbital inclination. The effect of Doppler boosting is not sufficiently large to explain the inferred difference in normalisation between V404 Cyg and XTE J1118+480 (as discussed below, both systems likely have distance errors < ∼ 0.1 dex). Doppler boosting can only be substantial for GX 339-4 if it has a very fast jet and an orbital inclination toward the lower end of its range. In that case, however, we would expect to see a difference between the normalisations of GX 339-4 and V404 Cyg, which is not observed. Inciden-tally, if the X-rays are also beamed, then the difference in beamed radio flux between each system would be even smaller.
It should be noted that the above analysis, and more generally the quoted uncertainties on the best-fitting intercepts, rely on the quoted values of 1.7±0.1 and 2.4 ± 0.2 kpc for XTE J1118+480 (Gelino et al. 2006 ) and V404 Cyg (Miller-Jones et al. 2009 ), respectively. While the latter -being a parallax distance -is effectively free of systematic uncertainties, the former uncertainty is likely underestimated; although Gelino et al. (2006) assume a K7V type for the donor star in XTE J1118+480 in their modeling, stellar templates between K5V and K8V are actually consistent with the observed spectrum (Torres et al. 2004 ), resulting in a more likely uncertainty of 0.3 kpc (as discussed in Jonker & Nelemans 2004 , each spectral class difference translates into a distance uncertainty > ∼ 10 per cent, to be combined with modelling uncertainties). Additionally, the ratios predicted by this method are curves rather than parallel lines; in turn, the comparison with the ratios between the best-fitting normalisations can only be taken as indicative of the expected order of magnitude of the effect.
Black hole mass and spin are natural and appealing parameters to account for the measured normalisation discrepancies. Fender, Gallo & Russell (2010) found no significant correlation between the correlation normalisations (calculated for all the systems for which data were available at that time, regardless of dynamic range, and assuming a slope of 0.6) and the black hole spin parameters reported in the literature. This conclusion is unaffected by the new XTE J1118+480 data, as, out of the three systems with well-defined normalisations (i.e. broad dynamic range), GX339-4 is the only one with a reported spin parameter value (see Miller et al. 2004 Miller et al. , 2008 Reis et al. 2008 and section 5 in Steiner, McClintock & Narayan 2013 for a comparison between the different spin parameter values inferred via the two leading X-ray spectral fitting methods). If the difference in normalisation between the three systems were driven by black hole spin, then we might expect that the spin parameter of V404 Cyg ought to be comparable to that of GX339-4, and either should exceed that of XTE J1118+480 (caveat the larger distance uncertainty for GX339-4). No obvious dependence on black hole mass was identified by Soleri & Fender (2011) ; limiting ourselves again to the three systems with broad dynamic range, we note that V404 Cyg and XTE J1118+480 have remarkably similar -and relatively narrow -black hole mass probability distributions 2 (Farr et al. 2011; Kreidberg et al. 2012) . Beside the loosely estimated distance, the mass function of GX339-4 is also poorly constrained (Hynes et al. 2003b) , making the comparison less interesting at this stage.
Well worth considering is the possibility that systematic differences in the X-ray spectral shape among the different data points might be responsible for rather dramatic excursions across the radio/X-ray domain. Indeed, not all systems display as regular a behaviour as GX339-4, V404 Cyg and XTE J1118+480. Coriat et al. (2011) report on the bizarre evolution of the black hole X-ray binary H1743−322 during the decline of its its 2008 outburst ; during the first phase of the outburst decline, the radio luminosity of H1743-322 appears to decay at a faster pace than in e.g., GX339-4 and/or V404 Cyg; at X-ray luminosities between approximately 10 36 and 10 34 erg s −1 , it traces a nearly horizontal excursion in the radio/Xray plane and reaches a comparable radio luminosity level (for the same LX) as GX339-4 and V404 Cyg below 10 34 erg s −1 .
Based on global scaling relations between the X-ray luminosity and accretion rate in efficient and inefficient accretion flow models (Körding, Fender & Migliari 2006) , and the radio luminosity and jet power in partially self-absorbed spectrum jet models (Heinz & Sunyaev 2003) , this somewhat erratic behavior, and in particular the 'radio-quiet' track that H1743-322 describes during the first part of its outburst decline, was interpreted by Coriat et al. (2011) as due to a phase of radiatively efficient accretion. Recently, MeyerHofmeister & Meyer (2014) proposed an explicit form of such an efficient solution (see also Cao, Wu & Dong 2014; Huang, Wu & Wang 2014) by arguing that thermal photons from a weak, cool disc in the innermost regions of an otherwise inefficient accretion flow would be responsible for enhancing the seed photons available for Comptonisation, and hence the hard X-ray flux (in the context of this model, the 'radio quiet' track corresponding to the initial decline of the 2008 outburst of H1743-322 is better described as 'X-ray bright'). The condensation of hot, optically thin accreting gas into an inner, cool, keplerian disc is predicted above a critical mass accretion rate if thermal conduction and Compton cooling are properly accounted for in the equations of energy and mass exchange Liu, Meyer & Meyer-Hofmeister 2006; Liu et al. 2007) . From a theoretical standpoint thus, no inner disc is expected at low accretion rates, where (for reasonable values of the viscosity parameter) the threshold can be set around 10 −3 times the Eddington limit.
Although this is exactly what was observed in the case of H1743-322, the new observations of XTE J1118+480 and other systems presented here make this appealing interpretation less clear, in the sense that the neat distinction between two tracks claimed by GMF12 is no longer robust (though one could argue that XTE J1118+480, too, experienced a brief period of radiatively efficient accretion, corresponding to the 2000 outburst points, i.e., the blue filled circles that are not enclosed by open diamonds in Figure 4 ). Also, it is important to note that observational support to the existence of cool inner discs in hard state black hole X-ray binaries has been claimed for a several systems (Di Salvo et al. 2001; Miller et al. 2006; Reis, Miller & Fabian 2009; Reis, Fabian & Miller 2010) , albeit Tomsick et al. (2009) have shown that the inner disc in GX339-4 recedes sharply below 1 per cent of the Eddington luminosity, i.e. over the luminosity range where this system exhibits a remarkably tight non-linear correlation however, see, e.g., D'Angelo et al. 2008 and Kolehmainen, Done & Díaz Trigo 2014 for a different interpretation of the soft X-ray excess).
To add to the above considerations, a word of caution is in order about the implicit assumption of flat radio spectrum that is typically folded into the radio luminosity measurements quoted in this and other works. While remarkably flat radio spectra have been measured for a handful of sources, and are known to persist over several orders of magnitude in luminosity (e.g., Fender et al. 2000;  
